Paenibacillus qinlingensis sp. nov., an indole-3-acetic acidproducing bacterium isolated from roots of Sinopodophyllum hexandrum (Royle) Ying Abstract A novel indole-3-acetic acid-producing bacterium, designated TEGT-2 T , was isolated from the roots of Sinopodophyllum hexandrum collected from the Qinling Mountains in shaanxi province, northwestern China, and was subjected to a taxonomic study by using a polyphasic approach. Cells of strain TEGT-2 T were Gram-stain-positive, strictly aerobic, endospore-forming rods and motile by means of peritrichous flagella. Phylogenetic analyses based on 16S rRNA gene sequences showed that strain TEGT-2 T was a member of the genus Paenibacillus, exhibiting the highest sequence similarity to Paenibacillus pectinilyticus KCTC 13222 T (97.9 %), Paenibacillus frigoriresistens CCTCC AB 2011150 T (97.3 %), Paenibacillus ferrarius CCTCC AB 2013369 T (96.9 %) and Paenibacillus alginolyticus NBRC 15375 T (96.5 %). The only menaquinone detected was MK-7, and the major fatty acid was anteiso-C 15 : 0 . The major polar lipids were diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, two unidentified aminophospholipids, two unidentified phospholipids, an unidentified aminolipid and two unidentified lipids. meso-Diaminopimelic acid was detected in the peptidoglycan. The DNA G+C content was 46.6 mol%. DNA-DNA relatedness values for strain TEGT-2 T with respect to its closest phylogenetic relatives Paenibacillus pectinilyticus KCTC 13222 T and Paenibacillus. frigoriresistens CCTCC AB 2011150 T were lower than 40 %. Based on the phenotypic, phylogenetic and genotypic data, strain TEGT-2 T is considered to represent a novel species of the genus Paenibacillus, for which the name Paenibacillus qinlingensis sp. nov. is proposed. The type strain is TEGT-2 T (=CCTCC AB 2015258 T =KCTC 33806 T ).
The genus Paenibacillus belongs to the family Paenibacillaceae, phylum Firmicutes, and was established by Ash et al. [1, 2] , with Paenibacillus polymyxa as the type species. Members of this genus are known to be Gram-stainpositive, rod shaped, aerobic or facultatively anaerobic, endospore-forming and motile by means of peritrichous flagella [3] . The major respiratory quinone is menaquinone-7 (MK-7), the major cellular fatty acid is anteiso-C 15 : 0 , and meso-diaminopimelic acid is commonly present in the peptidoglycan [4] [5] [6] . Members of the genus Paenibacillus are widely distributed in various natural habitats, and some species have been isolated from different plant tissues and organs, such as nodules, roots, stems and leaves [4, [7] [8] [9] . Some endophytic strains belonging to the genus Paenibacillus are reported to exhibit plant-growth-promoting or biocontrol effects [10, 11] . Indole-3-acetic acid (IAA) is an important phytohormone with the ability to regulate many aspects of plant growth and development, including cell division, elongation, initiation of roots, leaves and flowers, cambial growth, vascular development, fruit development and senescence [12, 13] . IAA production is a common trait of plant-growth-promoting bacteria inhabiting the rhizosphere and plant tissues [14, 15] . IAA secreted by bacteria acts as a communication signal in plant-microbe interactions and has a physiological effect on plants [16] . In this study, we report on a novel IAA-producing bacterial strain belonging to the genus Paenibacillus, TEGT-2 T , isolated from the roots of Sinopodophyllum hexandrum (Royle) Ying collected from the Qinling Mountains in shaanxi province, northwestern China. Strain TEGT-2 T was subjected to a polyphasic taxonomic study following the minimal standards for description of aerobic, endospore-forming bacteria [17] , and results indicated that this strain represents a novel species within the genus Paenibacillus.
Healthy root samples of Sinopodophyllum hexandrum were collected from Taibai Mountain (34 02¢ N 107 43¢ E), the main peak of the Qinling Mountains in the southern Shaanxi province, northwestern China. Root samples were carefully washed in running water to remove surface soil and subjected to a five-step surface sterilization procedure as described by Zhang et al. [18] . The surface-sterilized roots were cut into small fragments and macerated using a sterile pestle and mortar in sterile distilled water. The macerated samples were serially diluted in sterile distilled water, spread-plated onto 0.1Â trypticase soy agar (TSA; Difco) supplemented with 50 µg cycloheximide ml À1 and incubated at 25 C for 2 weeks. Twenty colonies with different morphologies were picked off the plates, subcultured to obtain pure isolates and stored as glycerol suspensions (20 %, v/v, in distilled water) at À80 C. 16S rRNA gene sequence analysis showed that these isolates belonged to the genera Acinetobacter, Altererythrobacter, Bacillus, Brevundimonas, Caulobacter, Hymenobacter, Microbacterium, Paenibacillus, Pseudomonas, Rhizobium and Sphingomonas. The isolate TEGT-2 T was the only representative of the genus Paenibacillus and was routinely cultivated on R2A agar (Difco) at 28 C.
Two universal primers 27f (5¢-AGAGTTTGATCCTGGCT-CAG-3¢) and 1492r (5¢-CGGTTACCTTGTTACGACTT-3¢) [19] were used for colony PCR amplification of the 16S rRNA gene from strain TEGT-2 T . PCR was carried out under the following conditions: an initial denaturation at 94 C for 3 min, followed by 30 cycles of 94 C for 30 s, 55 C for 30 s and 72 C for 90 s, and a final extension step of 72 C for 10 min. Purification and sequencing of PCR products were carried out by the Shenggong Company (Shanghai, China). The sequence obtained was compared with those available in the EzTaxon-e server (http://www.ezbiocloud.net/; [20] ) and subsequently aligned with its close relatives using the CLUSTAL X program software package [21] . Phylogenetic trees were reconstructed with the neighbourjoining [22] and maximum-likelihood [23] methods in the software package MEGA version 5.1 [24] . Distances were calculated according to Kimura two-parameter model [25] , and bootstrap analysis was based on 1000 resamplings [26] .
Comparative analysis of the 16S rRNA gene sequence of strain TEGT-2 T (1465 nt) against those of type strains held in the EzTaxon-e database indicated that the novel strain belonged to the genus Paenibacillus, exhibiting the highest sequence similarity to Paenibacillus pectinilyticus KCTC 13222 T (97.9 %), Paenibacillus frigoriresistens CCTCC AB 2011150 T (97.3 %), Paenibacillus ferrarius CCTCC AB 2013369 T (96.9 %), Paenibacillus alginolyticus NBRC 15375 T (96.5 %) and Paenibacillus chondroitinus DSM 5051 T (96.3 %). 16S rRNA gene sequence similarities between strain TEGT-2 T and the type strains of other species of the genus Paenibacillus ranged from 88.5 to 95.8 %.
In the phylogenetic tree based on the neighbour-joining algorithm ( Fig. 1) , strain TEGT-2 T fell within the clade comprising closely related species of the genus Paenibacillus and formed a tight phyletic group with Paenibacillus pectinilyticus KCTC 13222 T with a bootstrap value of 94 %. The relative phylogenetic positions of strain TEGT-2 T and Paenibacillus pectinilyticus KCTC 13222 T were also found in the tree reconstructed with the maximum-likelihood method ( Fig. S1 , available in the online Supplementary Material). Therefore, phylogenetic analyses clearly indicated that Paenibacillus pectinilyticus KCTC 13222 T was the closest relative of strain TEGT-2 T .
For DNA base composition analysis and DNA-DNA hybridizations, genomic DNA was prepared according to the procedure of Wilson [27] with the modification of Cleenwerck et al. [28] . The genomic DNA of strain TEGT-2 T was treated with nuclease P1 and alkaline phosphatase and its DNA base composition was determined by reversephase HPLC according to the method of Mesbah et al. [29] . The DNA G+C content of strain TEGT-2 T was 46.6 mol%. This value is within the range reported for members of the genus Paenibacillus (39-59 mol%; [3] ), but much lower than those of its closest relatives Paenibacillus pectinilyticus KCTC 13222 T and Paenibacillus frigoriresistens CCTCC AB 2011150 T (51.5 and 51.7 mol%, respectively; [30, 31] ). DNA-DNA hybridization was carried out by using photobiotin-labelled probes in microplate wells as described by Ezaki et al. [32] . Hybridization was performed at 40 C in the presence of 50 % formamide, with five replications for each sample. Reciprocal experiments were also performed. DNA-DNA relatedness values between strain TEGT-2 T and Paenibacillus pectinilyticus KCTC 13222 T and Paenibacillus frigoriresistens CCTCC AB 2011150 T were 24.9±3.8 % (reciprocal, 30.6±5.2 %) and 21.9±4.3 % (reciprocal, 16.5 ±3.6 %), respectively, clearly lower than the cut-off point of 70 % recommended to be used as a standard for species delineation [33] .
Cell morphology and flagella were observed by transmission electron microscopy (HT7700; Hitachi) with cells grown for 2 days at 28 C on R2A agar (Difco). Gram staining was performed as described by Doetsch [34] . Motility testing was performed using R2A broth supplemented with 0.3 % (w/v) agar. Sporulating cells were observed by using phasecontrast microscopy (BX51 microscope; Olympus) with cells grown at 28 C for 3 days on 1/2 strength R2A supplemented with 5 mg MnSO 4 l À1 . The temperature range and optimum for growth were tested in R2A broth at 4, 7, 10, 15, 25, 28, 30, 33, 37 and 42 C. Tolerance of NaCl was determined in R2A broth supplemented with 0-5 % (w/v) NaCl at 0.5 % intervals. The pH range and optimum for growth were tested in R2A broth adjusted to pH 4.0-10.0 at intervals of 0.5 pH units using the buffer system as described by Xu et al. [35] . Cell growth was monitored by measuring the optical density of the culture at 600 nm. Anaerobic growth was tested on R2A agar at 28 C for 1 week in an anaerobic jar by using AnaeroGen anaerobic system envelopes (Oxoid). Growth on TSA, nutrient agar (NA) and MacConkey agar (all from Difco) was also evaluated at 28 C. Starch, casein, tyrosine and CM-cellulose degradations were tested by using R2A agar as the basal medium according to the methods of Kim et al. [36] . Oxidase, catalase and urease activities, hydrolysis of aesculin and gelatin, nitrate and nitrite reduction, methyl red and Voges-Proskauer tests, citrate utilization, egg yolk reaction, and H 2 S and indole production were determined as recommended by Smibert and Krieg [37] . Acid production from D-glucose, D-xylose, D-mannitol and L-arabinose, and gas production from glucose were tested as described by Claus and Berkeley [38] . IAA production was assessed by the Salkowski assay as described by Gutierrez et al. [39] . Strain TEGT-2 T was cultured at 28 .0] supplemented with 0.5 mg tryptophan ml À1 . The presence of IAA in the culture supernatant was determined spectrophotometrically at 530 nm. IAA concentration was determined using a calibration curve of pure IAA as a standard following the linear regression analysis. Activities of constitutive enzymes and other physiological properties were determined by using the API 20E, API 20NE, API 50 CH (with API 50 CHB/E medium) and API ZYM strips (bioM erieux) according to the manufacturer's instructions, except that the incubation temperature was 28 C. The five closely related type strains, Paenibacillus pectinilyticus KCTC 13222 T , Paenibacillus frigoriresistens CCTCC AB 2011150 T , Paenibacillus ferrarius CCTCC AB 2013369 T , Paenibacillus alginolyticus NBRC 15375 T and Paenibacillus chondroitinus DSM 5051 T , were grown under the same conditions and used as reference strains for phenotypic characterization.
Cells of strain TEGT-2 T were Gram-stain-positive, strictly aerobic, spore-forming rods and motile by means of peritrichous flagella (Fig. S2a ). Endospores lay subterminal or paracentral in swelling sporangia (Fig. S2b ). Growth of strain TEGT-2 T occurred at 10-33 C (optimum, 28 C), at pH 6.0-8.0 (optimum, pH 7.0) and in the presence of 0-2.5 % (w/v) NaCl (optimum, 0 %). A moderate level of IAA production (6.51±0.56 µg ml À1 ) was detected by the Salkowski assay in strain TEGT-2 T . Other phenotypic features of strain TEGT-2 T are summarized in the species 
Paenibacillus rigui WPCB173 T (EU939688)

Paenibacillus chinjuensis WN9 T (AF164345)
Paenibacillus xylanisolvens X11-1 T (AB495094)
Paenibacillus tianmuensis B27 T (FJ719490)
Paenibacillus elgii SD17 T (AY090110)
Paenibacillus chitinolyticus NBRC 15660 T (AB021183)
Paenibacillus selenitireducens ES3-24 T (KC815539)
Paenibacillus polymyxa IAM 13419 T (D16276)
Paenibacillus catalpae D75 T (HQ657320) description, and a comparison of selective characteristics with closely related type strains is given in Table 1 . Strain TEGT-2 T could be distinguished clearly from its closest phylogenetic relative Paenibacillus pectinilyticus KCTC 13222 T by a number of phenotypic characteristics, including growth at 37 C, tolerance of NaCl, aesculin hydrolysis, assimilation of D-glucose, N-acetylglucosamine and maltose as carbon sources, acid production from several carbohydrates and some enzyme activities (Table 1) . Respiratory quinones of strain TEGT-2 T were extracted from freeze-dried cells with chloroform/methanol (2 : 1, v/v), purified by TLC and identified by HPLC as described by Xie and Yokota [40] . Polar lipids were extracted from freeze-dried cell material, separated by two-dimensional TLC and identified by spraying with appropriate detection reagents as described by Tindall [41, 42] . For peptidoglycan analysis, whole cells of strain TEGT-2 T were hydrolysed with 6 M HCl at 100 C for 15 h, and the isomer of diaminopimelic acid was examined using TLC as described by Staneck and Roberts [43] . For whole-cell fatty acid analysis, strain TEGT-2 T and the five highly related reference strains were grown on R2A agar at 28 C for 2 days, and sufficient cells of comparable physiological age were harvested from the third streak quadrant of the agar plates. Cellular fatty acids were saponified, methylated and extracted using the standard protocol of the MIDI Sherlock Microbial Identification System (version 6.0), analysed by GC (6890N; Hewlett Packard) and identified using the TSBA6 database of the Microbial Identification System [44] .
The only respiratory quinone detected in strain TEGT-2 T was MK-7, which is a characteristic feature of members of the genus Paenibacillus [3] . The polar lipid profile of strain TEGT-2 T contained phosphatidylglycerol (PG), diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE), two unidentified aminophospholipids, two unidentified phospholipids, an unidentified aminolipid and two unidentified lipids (Fig. S3 ). The polar lipid profile of strain TEGT-2 T was similar to those of Paenibacillus pectinilyticus KCTC 13222 T and Paenibacillus frigoriresistens CCTCC AB 2011150 T , including DPG, PE and PG as major polar lipid components [30, 31] . However, the presence of two unidentified aminophospholipids together with the absence of phosphatidylmonomethylethanolamine distinguished strain TEGT-2 T clearly from Paenibacillus pectinilyticus KCTC 13222 T [30] . Compared with Paenibacillus frigoriresistens CCTCC AB 2011150 T , strain TEGT-2 T contained two unidentified aminophospholipids but lacked an unidentified glycolipid [31] . meso-Diaminopimelic acid was detected in the peptidoglycan of strain TEGT-2 T , in line with the closely related strain Paenibacillus frigoriresistens CCTCC AB 2011150 T [31] . The major cellular fatty acids (>5 %) of strain TEGT-2 T were anteiso-C 15 : 0 (62.5 %), iso-C 16 : 0 (9.4 %), C 16 S and indole production and arginine dihydrolase and urease activities. Acid, but no gas, is produced from Dglucose. In the API 20NE system, positive for assimilation of D-glucose, N-acetylglucosamine and maltose, but negative for assimilation of L-arabinose, D-mannose, D-mannitol, potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenylacetic acid. In the API 50CHB system, acid is produced from glycerol, methyl b-Dxylopyranoside, D-galactose, D-glucose, D-fructose, D-mannose, methyl a-D-mannopyranoside, methyl a-Dglucopyranoside, arbutin, salicin, cellobiose, maltose, lactose, melibiose, sucrose, trehalose, raffinose, glycogen, xylitol, gentiobiose, turanose and L-fucose, and produced weakly from D-xylose, N-acetylglucosamine and amygdalin, but not produced from erythritol, D-arabinose, L-arabinose, D-ribose, L-xylose, D-adonitol, L-sorbose, L-rhamnose, dulcitol, inositol, D-mannitol, D-sorbitol, inulin, melezitose, starch, D-lyxose, D-tagatose, D-fucose, D-arabitol, L-arabitol, potassium gluconate, potassium 2-ketogluconate or potassium 5-ketogluconate. In the API ZYM gallery, positive for alkaline phosphatase, esterase lipase (C8), leucine arylamidase, naphthol-AS-BI-phosphohydrolase, b-galactosidase and b-glucosidase, weakly positive for esterase (C4) and aglucosidase, but negative for lipase (C14), valine arylamidase, cystine arylamidase, trypsin, a-chymotrypsin, acid phosphatase, a-galactosidase, b-glucuronidase, N-acetyl-bglucosaminidase, a-mannosidase and a-fucosidase. The only respiratory quinone detected is MK-7, and mesodiaminopimelic acid is detected in the peptidoglycan. The polar lipid profile contains PG, DPG, PE, two unidentified aminophospholipids, two unidentified phospholipids, an unidentified aminolipid and two unidentified lipids. The main fatty acid is anteiso-C 15 : 0 .
The type strain, TEGT-2 T (=CCTCC AB 2015258 T =KCTC 33806 T ), was isolated from the surface-sterilized roots of Sinopodophyllum hexandrum collected from the Qinling Mountains in shaanxi province, northwestern China. The DNA G+C content of the type strain is 46.6 mol%. 
Funding information
